Halide perovskites are currently under intense investigation due to their potential applications in optoelectronics and solar cells. Among them several crystallize in low symmetry lattice structures like trigonal, hexagonal, orthorhombic and monoclinic. Employing ab-initio electronic structure calculations in conjunction with generalized gradient approximation and hybrid functionals we study a series of perovskites with the formula A3B2X9 which have been grown experimentally. A stands for a monovalent cation like Cs, Rb, K or the organic methylammonium molecule (MA), B is Sb or Bi, and X is a halogen. Moreover we include in our study both the effect of spin-orbit coupling in the halide perovskites and the influence of the orientation disorder of the MA cation on the energy band gaps of these compounds. Most compounds under study exhibit absorption in or close to the optical regime and thus can find application in various optoelectronic devices. Our results pave the way for further investigation on the use of these materials in technology relevant applications.
Introduction
The continuous growth of energy consumption and the finite amount of available fossil fuels has triggered the research on alternative energy sources and especially the so-called "renewable energy sources". Among them sun is the most promising since it is an infinite energy sources and solar cells are under intense study. The most widely used material for solar cells is silicon with a history of over 60 years [1] . But the search for new cheap, earthabundant materials, which can substitute silicon in solar cells, is at a peak in recent years [2] . Among the proposed materials, perovskites [3] consist a promising family of materials for the photovoltaic (PV) industry [4] [5] [6] . Research on perovskites for PVs has still to address multiple issues like efficiency (PCE), the width of the energy band gap, that needs to correspond roughly to the visible spectrum, and device stability in ambient conditions prior to their commercial use. The interest on the family of perovskites also embraces other technological important research regions like optoelectronic devices [7] and catalysis [8] .
Early perovskites contained oxygen and had the general structure of ABO 3 . To achieve charge neutrality, A has to be a cation of +2 valence and B a cation of +4 valence of dissimilar size like in CaTiO 3 [9] . Latter it was found that in the same family of compounds an increasing number of materials can be categorized [5, 6] . First, one can use halogen atoms instead of oxygen, giving birth to the so-called halide perovskites [10] Charge neutrality implies now that A is a monovalent cation and B a divalent.The A cation does not have to be a pure element but also an organic molecule and in this case the materials are known as hybrid or organometallic halide perovskites [2, 6, 10, 11] . The choice of the two cations and the halogen atoms offers the ability to tune the photoconductive properties [12] . Among the ABX 3 hybrid halide perovskites is MAPbI 3 , where MA stands for the methylammonium cation CH 3 NH 3 + , which has attracted most of the attention due to its high charge-carrier mobility and its absorption at optical regime [2, [13] [14] [15] [16] [17] [18] [19] [20] .
First-principles, also known as ab-initio, electronic structure calculations are a powerful tool to study and predict the properties of compounds and thus play a decisive role in modern Materials Science. Several first-principles calculations have been devoted to the study of MAPbI 3 [21] [22] [23] [24] [25] [26] . The toxicity of the lead atoms led to the search for alternative hybrid halide perovskites [27, 28] , and firstprinciples electronic structure calculations have been devoted to the study of MABX 3 compounds where B a divalent cation other than Pb and X an halogen atom [29] [30] [31] [32] . In a recent publication, we studied extensively the electronic properties of cubic MABX 3 compounds, where the divalent cation B was Ca, Sr, Ba, Zn., Cd, Hg, Ge, Sr or Pb and the halogen atom X could be F, Cl, Br or I including also the case of mixed halide perovskites [26] . Our results suggested that there were some compounds like MAGeCl 3 and MAGeBr 3 which could replace MAPbI 3 in photovoltaics in the future, but their experimental growth in the cubic lattice structure is yet to be demonstrated.
Searching for the other possible replacements for the iodine methylammonium lead perovskite, we extend our ab-initio study to perovskites which do not crystallize in the cubic or pseudo-cubic structure, but other low-symmetry lattices like trigonal, hexagonal, orthorhombic or monoclinic [10] . In these perovskites the stoichiometry changes and the general chemical formula is now A 3 B 2 X 9 , where A is a Cs, Rb, K or methylammonium (MA) monovalent cation, B is a Bi or Sb trivalent cation, and X is an I, Br or Cl monovalent anion. Due to the large number of possible low-symmetry structures we have included in our study compounds for which the lattice structure is known experimentally. Our results show that the value of the energy band gaps vary greatly among the studied materials and thus A 3 B 2 X 9 perovskites can be promising resource of materials for photovoltaic applications. In section 2 we present shortly the details of our calculations, since they are similar to the ones in reference [26] and the structural details of the compounds under study. In section 3 we present and discuss our results, while sections 4 and 5 are devoted to the effect of spin-orbit coupling and the hybrid perovskites, respectively. Finally in section 6 we summarize and present our conclusions.
Computational method
To perform the calculations we employed the Vienna Ab-initio Simulation Package (VASP) [33] . VASP is a powerful program for performing abinitio quantum mechanical molecular dynamics simulations, developed by the Institut fur Metaliphysik of the Universitat Wien [33] .In this study, similarly to the one in reference [26] , we employed the projector augmented planes (PAW) pseudopotentials in reciprocal space to perform the simulations [34] . VASP also allows for self-consistent calculations including the spin-orbit coupling (SOC).
As charge density functionals, we employed, first, the Generalized Gradient Approximation (GGA) as parameterized by Perdew, Burke and Ernzerhof for solids known as the PBEsol approximation [35, 36] . We used the PBEsol results to perform also calculations with the Hunde, Scuseria and Ernzerhof hybrid functional known as HSE06 [37, 38] . The latter accounts for the exchange energy in a semi-empirical way considering it to be a mixture of the usual GGA exchange and of the exact Hartree-Fock exchange energy. The formula used is :
where the E exact) x is the Hartree-Fock contribution and E
GGA x
and E GGA c are the respective exchange and correlation energy contributions by the GGA approximation, i.e. the PBEsol functional. Due to its nature HSE06 tends to restore the correct values of the energy band gaps which are underestimated by usual GGA calculations as shown also in the case of cubic perovskites [26] . Thus, the HSE06 is an accurate functional that can be very useful where the calculation of the optical band gap is the main concern. A drawback of this method is that it requires cpu time orders of magnitude larger that the usual GGA functionals. As a result we were able with our available computer resources to achieve convergence using HSE06 only for the compounds with the trigonal and hexagonal structures; calculations for the orthorhombic and monoclinic structures did not converge. Convergence was even more difficult when Table 1 A 3 B 2 X 9 compounds with their respective crystallographic structure and the reference for the experimental data. We present also the k-grid (as symmetry lowers it becomes less dense), the energy cutoff (E cut−of f ) in eV and the calculated energy band gap values, Eg, using both the PBEsol and HSE06 functionals; in parenthesis the E cut−of f and Eg values taking into account also the spin-orbit coupling (SOC) effect we included also the SOC and the combined HSE06 and SOC calculations converged only for the trigonal Rb 3 Sb 2 Br 9 and hexagonal Cs 3 Bi 2 I 9 compounds. As we will also discuss later when we will present our results an important parameter in the electronic band structure calculations is the cut-off energy which is the maximum kinetic energy of the plane waves used in the calculations. The larger is this value, the most accurate are the calculations. As the symmetry of the lattice lowers going from the trigonal to the monoclinic lattice, the energy cut-off used for the calculations has to lower in order to achieve convergence. Moreover the inclusion of SOC leads to an extra lowering of the possible cut-off energy. In table 1 we present both the cut-off energy, E cut−of f in eV, as well as the k-points grid in the reciprocal space used in the calculations; we have used for the latter the Monkhorst-Pack scheme [39] . Test calculations with denser grids yielded roughly the same results establishing the accuracy of our results.
In table 1 we present all the compounds which we have studied together with the lattice structure and the reference to the experimental structural details. The monovalent cation is Cs, Rb or K and the trivalent cation is Sb or Bi, while for the halogen Cl, Br or I are present. We have restricted ourselves to compounds for which experimental evidence exists regarding their lattice. We have also included in our study the case of the hybrid MA 3 Bi 2 I 9 and MA 3 Sb 2 I 9 compounds crystallizing in the hexagonal structure similar to Cs 3 Bi 2 I 9 as shown in reference [40] for MA 3 Bi 2 I 9 ; for the Sb-based compound we assumed that it crystallizes in the same lattice as the Bi-based one. As can be seen in the table, the structures of the compounds fall into four space group families (going from higher to lower symmetry): trigonal, hexagonal, orthorhombic and monoclinic. Examples of the A 3 B 2 X 9 basic lattice structures are shown in figure 1(a-d) . As can be seen from the pictures, as we progress from higher to lower symmetries, the unit cell becomes larger and thus the increased number of atoms in the unit cell leads to a large increase in the required computer power and in the computational time.
Halide perovskites
As discussed above our aim is to study the perovskite compounds with respect to their electronic properties, and especially their band gap, in order to discern which of them would be suitable for optoelectronic applications, such as solar cells. In table 1, we present the results produced using the PBEsol and HSE06 functionals first without taking into account SOC; the effect of the SOC will be discussed in the next section.
The first family of A 3 B 2 X 9 which we studied are the ones where A is Cs. For all compounds under study we have used the experimental lattice structure from the references in table 1. The compounds where the trivalent cation is Sb crystallize all in the trigonal lattice. For this lattice structure we used a cut-off energy of 300 eV and thus band gaps are expected to be highly accurate. Within PBEsol the width of the gap ranges between 1.28 eV for the iodide compound up to 2.12 eV for the chloride compound. When HSE06 was employed instead of PBEsol the values of the obtained gaps increase and reach 1.82, 2.07 and 2.97 eV for the compounds containing as halogen atom I, Br and Cl, respectively. This behavior is similar to the one in cubic halide compounds studied in reference [26] and the oxygen perovskites [41] . The tendency observed with the halogen atom present in the compound can be easily explained by the density of states (DOS) presented in figure 2 for Cs 3 Sb 2 I 9 . The valence band is made up of the halogen p-states and the conduction band from the Sb p-states. Thus the gap opens due to the p − p hybridization mechanism.This ensures that the gap values are close or within the optical regime contrary to cases where the gap opens due to a p − d type hybridization and the gap is much larger [26] . Secondly as we move from Cl to Br and then to I, the valence p-states are located higher in energy narrowing the gap. HSE06 with respect to PBEsol shifts the conduction band slightly higher in energy opening the gap without influencing the shape of the bands.
In the Cs-based compounds when instead of Sb we have the heavier isovalent Bi, the three resulting compounds have no more the same lattice structure. Cs 3 Bi 2 I 9 is hexagonal, the Cs 3 Bi 2 Br 9 is trigonal and Cs 3 Bi 2 Cl 9 ir orthorhombic. As mentioned above for the hexagonal and orthorhombic structures we had to use a considerably smaller cut-off energy with respect to the trigonal one, which narrows the accuracy and reliability of the results obtained for these lower symmetry systems. Moreover in the case of the orthorhombic Cs 3 Bi 2 Cl 9 compound we were not able to converge the HSE06 calculations. PBEsol yielded band gaps of 1.89, 2.46 and 2.80 eV for the I-, Br-and Cl-based compounds respectively. HSE06 further increased the values of the band gap to 2.56 and 3.08 eV for the I and Br compounds, respectively. These values exceed the optical regime. The origin of the gap is similar to the Sb-based compounds discussed just above.
The next step is our study is to replace Rb for Cs. Experimentally, only the compounds with Br and I as halogen have been grown and the lattices vary. Only Rb 3 Sb 3 Br 9 is trigonal with a PBEsol band gap of 1.55 eV and a HSE06 band gap of 2.21 eV. For the other three compounds with the lower symmetry we were not able to converge the HSE06 calculations. Finally, we have to mention that although PBEsol gives for Rb 3 Bi 3 I 9 a band gap of 1.04 eV and thus one could expect HSE06 to give a value within the optical regime, the relatively small value of the energy cut-off of 100 eV due to its monoclinic lattice structure makes the calculated values less trustworthy than for the trigonal compounds and deviations from experiments can occur. Finally, we have also studied the K 3 Sb 2 I 9 and K 3 Bi 2 I9 compounds. Both crystallize in the monoclinic lattice and PBEsol yields band gaps of about 0.7 eV much smaller that the optical spectra.
For reasons of completeness we have included in table 1 also the case of the hybrid MA 3 Sb 2 I 9 and MA 3 Bi 2 I 9 compounds; the latter exists experimentally while for the former we have used the same hexagonal lattice structure. The cut-off energy for our calculations is 180 eV and we have sued a 5×5×2 k-points grid in the reciprocal space. The obtained HSE06 gaps are exceeding the 2 eV reaching a value of 2.85 eV for the MA 3 Bi 2 I 9 compound. In section 3.2 we will discuss in detail the influence of the disorder regarding the orientation of the MA cations on the obtained band gaps.
Effect of spin-orbit coupling
We proceeded to calculate the electronic properties of the compounds taking into account SOC using the VASP program. Previous studies suggested that spin-orbit coupling has a strong effect on the lead halide perovskites, reducing the band gap by 0.3 up to roughly 1 eV [42] , while the effect on leadfree perovskites was found to be weaker [30] . Thus it seems that the influence of SOC is materials specific. In table 1 we have included in parenthesis the energy band gap including SOC as well as the energy cut-off used in the calculations. We we able to converge the SOC calculations using PBEsol for all compounds but we achieved convergence using HSE06 only in the case of Cs 2 Bi 2 I 9 and Rb 3 Sb 2 Br 9 compounds. A first glimpse at the results suggests that SOC is very important and there are cases like Cs 2 Bi 2 I 9 where the inclusion of SOC decreases the PBEsol band gap value by 79% and the HSE06 band gap by 66% . But these value are not really trustworthy since the inclusion of SOC implies a large decrease of the energy cut-off used in the calculation decreasing the accuracy of the calculations.
The prototype case to study the effect of SOC is Rb 3 Sb 2 Br 9 since the energy cut-off in that case is 300 eV without SOC and 200 eV with SOC, which should lead to accurate results in both cases. The band gap in this cases decreases by 0.1 eV from 1.55 to 1.45 eV in the case of PBEsol when the SOC is included, and from 2.21 to 1.98 eV in the case of the HSE06 calculations when the SOC is included. Thus as expected SOC has a non-negligible effect on the band gap lowering it by about 10.5% in the case of the HSE06 functional. In the upper panel of figure 2 we present the DOS for all four cases under study to investigate the effect of SOC. SOC slightly moves the bands both in the case of PBEsol and HSE06 calculations without considerably affecting the shape of the initial bands without SOC.
In order to see if the decrease of the band gap is sensitive on the halogen atoms, we have partially substituted I for Br in Rb 3 Sb 2 Br 9 resulting in the Rb 3 Sb 2 Br 9−x I x keeping the same trigonal structure. We have taken into account up to x = 4 since for larger values we are closer to Rb 3 Sb 2 I 9 which crystallized in the monoclinic lattice. We have performed calculations with and without SOC using the PBEsol functional and present our results in figure 3 . The calculated band gap values with SOC are about 0.1 eV smaller than the values without SOC with the exception of x = 3 where values are similar. Thus the effect of spin-orbit coupling does not really depend on the halogen atom but on the trivalent cation and the lattice structure. We have also made calculations using HSE06 without SOC and we present these results in figure 3 together with predicted values with SOC assuming that the SOC reduces the band gap by 10.5%. The substitution of I for Br tunes the band gap which now falls within the optical regime and thus the Rb 3 Sb 2 Br 9−x I x compounds are suitable for solar cell applications.
The case of hybrid halide perovskites
As mentioned before, the A cation in the A 3 B 2 X 9 formula can be inorganic or organic. In the case of organic A, the compound is a hybrid halide perovskite. A case in point that has been studied in literature is MA 3 Bi 2 I 9 perovskite where MA stands for CH 3 NH 3 + ) known widely as the methylammonium cation [40, 43] .
The crystallographic structure of MA 3 Bi 2 I 9 has been found to be the hexagonal structure with two formula units per unit cell. Using the experimental data, we constructed the perovskite unit cell that was used in the simulation program, as seen in figure 4. As can be seen in the figure, the compound shows disorder with respect to the orientation of MA. We can distinguish two types of disorder. The two CH 3 NH 3 cations on the side of the unit cell show a disorder with respect to the position of the carbon and nitrogen atoms which can exchange positions. In the case of the four inner CH 3 NH 3 cations, the nitrogen atoms are fixed and the carbon atoms can have three different positions forming a fictional pyramid. Thus the question rises whether the relative positions of the CH 3 NH 3 cations in the unit cell affects the width of the gap.
In order to answer the question mentioned just above we carried out electronic structure calculations using the PBEsol and assuming 12 different variations of the distribution of the orientation of the MA cations in the unit cell. Our results are summarized in table 2. For the MA cations in the inner part of the unit cell we considered 6 different possible arrangements. For the MA cations along the sides of the unit cell we considered two cases: assuming the consecutive MA cations to have either par- allel arrangement (for both the C atoms is located below the N atoms) or antiparallel arrangement. We found out that for the hybrid perovskites a larger k-points grid is needed with respect to the usual halide perovskites and thus for the calculations we have used a 10×10×4 grid. This also explains the difference with the results for the same material in table 1 which corresponds to the first case presented in table 2. As can be seen the band gaps are actually varying between the 12 studied cases ranging from 1.64 eV to 2.18 eV. This is a large variation of more than half eV and may make the material suitable or not suitable for applications where absorption in a specific range of frequencies is needed. For the same inner arrangement the difference between the values for the parallel and antiparallel orientation of the outer MA cations is smallest, being at most 0.15 eV for the 1st inner arrangement. Thus the orientation disorder of the inner MA cations should affect the obtained energy band gap in samples. We should finally note that the DOS graphs reveal that the gap is formed between the occupied p-states of the iodine and the empty p-states of Bi similar to the usual halide perovskites studied above.
Summary and conclusions
We studied using the program VASP for firstprinciple calculations the structural, electronic and optical properties of 14 halide and hybrid halide perovskites with the general formula A 3 B 2 X 9 and with trigonal, hexagonal, orthorhombic or monoclinic structure, where A is a monovalent cation, B a trivalent cation like Sb or Bi of dissimilar size and X a halogen. As the symmetry of the lattice lowered, the calculated band gaps were determined with smaller accuracy due to the lower energy cutoff used for the kinetic energy of the plane waves. We employed the generalized gradient approximation for all calculations as well as a more accurate hybrid functional. Where possibly, we have included also the spin-orbit coupling (SOC) in our calculations. We also studied separately two hybrid halide compounds of the group, namely MA 3 Bi 2 I 9 , which exists experimentally, and MA 3 Sb 2 I 9 assuming the same lattice structure, were MA (CH 3 NH 3 + ) is the methylammonium organic cation.
All materials under study produced band gaps ranging between 1 and 3 eV, due to the p − p hybridization responsible for the appearance of the gap, and thus either are at the optical regime or near it and can find applications in optoelectronic and solar cell applications. The hybrid functional produced larger band gaps as expected for the trigonal and hexagonal materials but we could not get convergence for the lower-symmetry orthorhombic and monoclinic lattice structures. We have also carried out calculations including SOC but the low values for the energy cut-off do not allow an accurate determination of its exact effect although it leads to a significant shrinkage of the band gap. A prototype case is Rb 3 Sb 2 Br 9 for which we carried out calculations combining both the hybrid functional and SOC and for which the latter led to a 10.5% decrease of the band gap. For this material we also substituted partially I for Br and the resulting compounds have shown a decrease in the gap with the increase of the I concentration but the effect of SOC was almost independent of the I concentration.
In the case of hybrid halide compound MA 3 Bi 2 I 9 , we performed calculations assuming different orientations of the MA cation. Our results suggest that the orientation of the methylammonium cations in the unit cell plays a significant role in the final band structure and band gap, and a great variation of the band gap was observed. As a result, we ascertain that, if in the synthesis process an engineering of the orientation of the organic molecules can be achieved, then a substantial tuning of the band gap is possible making the hybrid halide compounds a promising candidate for solar cell technology.
Consequently, we can conclude that it is possible to search for perovskites suitable for solar cell and optoelectronic applications among the lowsymmetry perovskites. But the width of the energy band gap is materials specific and in the case of the hybrid perovskites, the orientation of the organic molecules plays a decisive role. We expect our results to intrigue further ab-initio calculations as well as experiments on these promising materials.
